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ABSTRACT
INFLUENCE OF VARIED, CONTROLLED DISTANCES FROM THE CRANK AXIS ON PEAK
PHYSIOLOGICAL RESPONSES DURING ARM CRANK ERGOMETRY. Thomas L. Miller, Carl G.
Mattacola, Mayra C. Santiago. JEPonline 2004;7(3):61-67. The purpose of the study was to determine the
influence of varied, controlled distances from the crank axis during arm crank ergometry (ACE) on peak
physiological responses and physical work capacity (PWC). Physiological responses to ACE were evaluated
using three controlled distances from the crank axis based on 0°, 15°, and 30° from full extension in the elbow
while at the furthest point in the crank rotation. Eleven adult, able-bodied women (age = 24.5 ± 4.7 yrs)
performed graded maximal ACE tests at each of three distances from the crank axis. Data were analyzed for
differences in peak physiological responses and PWC between the three positions. VO 2 peak at 30° (1.33
L/min) was lower (F(2,20) = 7.171, p < 0.01) than at 0° (1.42 L/min) or at 15° (1.41 L/min). No differences
existed between the three distances for any other dependent variable. We conclude that distance from the crank
axis during ACE influences VO 2 peak values, and thus should be controlled for when using ACE to predict
aerobic fitness.
Key Words: Oxygen Consumption, Exercise Testing, Body Position.
INTRODUCTION
Assessment of exercise tolerance and aerobic fitness levels using exercise-testing protocols provides important
health risk information. The most widely accepted modes of exercise testing are treadmill and cycle ergometry.
These exercise modes use many of the largest muscle groups in the body and typically elicit the greatest
physiological values (e.g., VO 2 max) (1, 2). However, such testing modes are usually not appropriate for all
individuals or situations (e.g., individuals with lower extremity impairments; assessment of upper body
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muscular capacity, function, or exercise tolerance). VO 2 peak values recorded from upper body maximal
exercise tests have been validated as predictors of aerobic fitness (3) and as a diagnostic tool for CVD (2,4).
Arm crank ergometry (ACE) is a commonly used upper body testing modality that provides a practical and
convenient means of assessing cardio-respiratory fitness in clinical and laboratory settings (1,5-8).
Reproducible exercise testing measures are needed to relate aerobic fitness to health risk (9), as well as to
design and modify training programs for exercise performance (10). Standardizing protocols for any type of
exercise test is critical in order to control for consistency in exercise stimuli. Changes in body position during
exercise can cause alterations in muscle mass recruitment and/or working joint angles, which subsequently can
change muscle loading. For example, findings in a study by Nordeen-Snyder (11) demonstrated that alterations
in seat height changed mechanical efficiency during leg cycling.
A small number of studies have focused on variations to ACE protocols and the resulting physiological
responses (12-16). However, the question of how distance from the crank axis affects peak physiological
values during ACE has not been addressed. Furthermore, the distance from the crank axis as described in
numerous study protocols has been inconsistent (17-19). Varying the distance from the crank axis and/or not
controlling for it during the test may alter energy requirements and/or the amount of muscle mass recruited.
Subsequently, the physical stress per unit of muscle mass may also vary and alter peak physiological responses
to the work effort. We hypothesized that three distinct, controlled distances from the crank axis during ACE
will elicit variations in VO2 peak values and/or PWC.
METHODS
Eleven able-bodied, adult women gave informed consent to participate in the protocol that was approved by
Temple University’s Institutional Review Committee for the Protection of Human Subjects. Participants had
above average physical activity levels as determined by a physical activity questionnaire, and participants were
of moderate upper body strength as assessed by a grip strength test. Preliminary data from a comparable sample
population (N = 25) indicated that bilateral grip strength was a moderate predictor of VO 2 peak during ACE
(right & left grip, r = 0.58 & 0.63, respectively, p < 0.05).
All tests were performed on a Saratoga Cycle ergometer
(Saratoga Access and Fitness, Fort Collins, CO) shown in Figure
1. The ergometer was modified with a tension mechanism from
a Monark 818 leg cycle ergometer (Monark Exercise AB,
Varberg, Sweden) in order to calibrate work rate in watts (W).
All equipment specified below was manufactured by Saratoga
Access and Fitness Corp. The three-way handgrips were used in
the horizontal position. The ergometer was mounted onto an
adjustable height ergometer table. A headrest, adjusted for
height and reach, was used to provide control for distance from
the crank axis. Revolutions of the crank axis were measured by
a tachometer with digital display.

Figure 1. Saratoga Cycle ergometer modified
with a Monark 818 tension mechanism. The
faceplate was recalibrated for this device.

Oxygen consumption and associated variables were assessed by
means of an open circuit, indirect calorimetry system using a
Quinton Q-Plex I metabolic cart (Quinton Instrument Co., Bothell, WA). Prior to each testing session gas
analyzers were calibrated with gases of known oxygen and carbon dioxide concentrations and the pneumotach
was calibrated for integrated volume measurement with a 3 L syringe. Heart rate (HR) was measured by
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electrocardiography using a Quinton Q-4000 ECG (Quinton Instrument Co., Bothell, WA) with a pre-cordial
CM-5 lead setup.
Three controlled distances from the crank axis were established based on full extension (0° from), 15° from, and
30° from full extension of the elbow at the furthest point in the crank rotation. Crank axis height was set to the
level of participants’ acromion processes of the scapulae. The headrest height was set to the level of
participants’ forehead. Participants were braced in the chair by a waist strap. When setting the distance from
the crank axis, shoulders were in a relaxed, neutral position. With hands on the crank grips, the headrest and
seat distance were set to attain the appropriate controlled distance from the ergometer. The front legs of the
chair rested on metal plates attached to the ergometer table and the chair position was maintained with markings
on the metal plates.
A familiarity session was conducted to acquaint participants with the exercise mode and instrumentation and to
obtain preliminary measurements. Each participant was tested for right and left hand grip strength with a
Baseline hydraulic handgrip dynamometer (Fabrication Enterprises, Inc., Irvington, NY). Settings for the three
experimental positions were established, recorded, and standardized for future testing sessions. Participants
were instructed to limit their physical exertion (i.e., exercise) for 24 hours prior to each testing session.
Participants were requested to refrain from food and caffeinated beverages for at least 4 hours prior to testing.
The first testing session was held no sooner than 24 hours after the familiarity session. Subsequent testing
sessions were separated by at least 4 days.
Initially, each participant performed a 2- min warm- up at 10 W followed by a 2- min rest period. The test
protocol began with a work rate of 25 W for 2 min, which was then increased to 50 W for 1 min, then 60 W for
1 min, followed by 5 W increases every min thereafter until volitional exhaustion or the participant could no
longer sustain a crank rate of 60 rev/min. Expired air was collected continuously throughout the duration of
each test and, at every 20-sec interval; averages for flow rate and fractions of expired oxygen and carbon
dioxide were measured. Heart rates were recorded for the final 10 sec of every work stage and at the
termination point of each test.
In an attempt to confirm attainment of a maximal effort, each of the three experimental positions was
reproduced two times for a total of six experimental sessions. Data from the test that produced the highest
VO2 peak value for each of the three experimental positions (n = 33) were used for subsequent statistical
analyses of peak physiological parameters and PWC. In an effort to reduce possible learning effect influences
on data results, a counter-balance model was used to assign the order of the experimental positions (20).
Data were analyzed using a SPSS statistical software package (version 10.0). Descriptive statistics (means and
standard deviations) were obtained for all variables. One-way repeated measures ANOVAs across the three
experimental conditions were run for each of the peak physiological parameters and PWC. For all analyses,
statistical significance was set at p < 0.05. Any significant main effect for experimental condition was followed
up by multiple comparisons using the Bonferoni adjustment technique.
RESULTS
The demographic and grip strength data for study participants
are given in Table 1. Table 2 summarizes the means and
standard deviations for peak measures and PWC.
A significant main effect for experimental condition (F(2,20) =
7.171, p < 0.01) revealed that VO 2 peak at the distance based

Table 1. Demographic and grip strength data for
participants (n=11)
Variable
Mean ± SD
Range
Age (yr)
24.5 ± 4.7
21 to 36
Weight (kg)
61.1 ± 6.9
54 to 74
Height (cm)
159.9 ± 7.4 145 to 168
Grip strength (kg)
68.2 ± 12.2
54 to 95
Grip strength = sum of right and left hand values.
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on 30° from full elbow extension (1.33 L/min) was approximately 6% lower than the VO 2 peak at the distances
based on 0° (1.42 L/min) and 15° (1.41 L/min) from full elbow extension. No differences were detected
between the three experimental conditions in any other peak variable (PWC, VCO2 , HR, VE, RER, VE/VO2 ,
VE/VCO2 ). Figure 2 illustrates the consistency in sub- maximal VO 2 values at 25W and 50W workloads.
Table 2. Summar y of peak measures and physical work capacity
Test Variables
0° (n=11)
15° (n=11)
30° (n=11)

All Tests
(n=33)
PWC (W)
70.4 ± 9.1
70.9 ± 8.0
69.6 ± 7.2
70.3 ± 7.9
VO2 (L/min)
1.42 ± 0.28
1.41 ± 0.27
1.33 ± 0.24*
1.39 ± 0.26
VCO2 (L/min)
1.78 ± 0.34
1.81 ± 0.28
1.69 ± 0.25
1.76 ± 0.29
HR (beats/min)
168 ± 17
169 ± 16
170 ± 15
169 ± 16
VE (L/min)
52.52 ± 12.84
53.86 ± 13.79
50.44 ± 9.62
52.27 ± 11.91
RER
1.27 ± 0.14
1.30 ± 0.11
1.28 ± 0.09
1.28 ± 0.11
VE /VO2
36.94 ± 6.36
38.00 ± 5.84
37.98 ± 2.51
37.64 ± 5.05
VE /VCO2
29.31 ± 2.83
29.61 ± 4.74
29.78 ± 2.25
29.57 ± 3.34
* denotes a significant difference from other positions (p < 0.01). Data are mean ± SD.

DISCUSSION
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The current study found that, except for VO 2 peak,
varied controlled distances from the crank axis
during ACE had no effect on peak physiological
responses. The lack of differences in other peak
physiological responses may allow for suspicion
that this VO 2 peak finding may be spurious.
However, this suspicion can be countered by the
level of significance attained in light of a small
sample size (N = 11, p < 0.01).
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The finding that differences in VO 2 peak occur at
the shortest distance from the crank axis without a
significant difference in PWC may seem
Figure 2. Submaximal VO2 data at 25 W and 50 W workloads.
The graph demonstrates the consistency in oxygen uptake at the
contradictory. This possibility warrants a
end of each submaximal stage during the peak test despite the
discussion of possible mechanisms that may
short duration of these stages. Data are mean ± SD.
explain such a discrepancy. Among possible
mechanisms that account for a change in VO 2 of a
specific exercise are: 1) a change in mechanical efficiency, 2) a change in the actual amount of physical work
being performed, and/or 3) a change in the amount of muscle mass recruited to support the primary movers.
0.0

25 W

50 W

The literature describes the efficiency of performing a given amount of exercise with varied terminology (i.e.,
metabolic efficiency; mechanical efficiency; gross efficiency) (21). In all cases, the definitions of these terms
are based on the ratio of the amount of external work accomplished to the amount of internal work (i.e., energy
cost as in VO 2 or Kcals) required. In this discussion the term "mechanical efficiency" is used to represent this
variable.
Due to the short duration of the two submaximal stages (i.e., 2 min for the 25 W and 1 min for the 50 W stages),
VO2 values determined during the final 20 sec of the stages could not be used as representative steady-state
values for the workloads. Nonetheless, the values at this point in the VO 2 kinetics for each of the three
controlled distances at both the 25 and 50 W stages were not different (Figure 2). This observation may
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cautiously allow for the suggestion that mechanical efficiency was unaffected by varying controlled distances
from the crank axis. If true, this would mean that changes in controlled distance from the crank axis during
ACE do not alter the range of motion in the active joints in such a way that overall muscle energetics differ in
producing the same torque against the crank handle (22). Since data from this study does not allow for
definitive conclusions with respect to mechanical efficiency, future research is warranted that addresses the
potential role of controlled distances from the crank axis on submaximal ACE.
The finding in this study that VO 2 peak values elicited by the furthest two distances from the crank axis were
greater cannot be explained by a change in the actual amount of physical work being performed. This notion
can be ruled out due to the finding that PWC did not differ between any of the three positions (p = 0.58).
However, the VO 2 peak findings of this study may be the result of additional muscle mass contributing to the
oxygen demand during the use of the greater two distances from the crank axis. Taken in conjunction with the
lack of difference in PWC, this additional active musculature must have played a stabilizing role only.
Muscle mass is one of the primary factors that influence VO 2 values during exercise (23). Maximal exercise
testing modes that utilize upper versus lower body muscles typically produce lower physiological values at the
point of test termination (21), thus scientific consensus is to refer to these reduced physiological values as
"peak" (e.g., VO 2 peak) rather than "maximal" values (e.g., VO 2 max) (1,24,25). Typically, upper body VO2 peak
values tend to be approximately two-thirds of VO 2 max values recorded from leg work in able bodied
individuals (26). Physical work capacity (PWC) and its associated peak physiological variables are limited by
the lesser amount of muscle mass being utilized with upper versus lower limb exercise (23). As such, during
ACE the cardiovascular system can potentially support the work of additional musculature that may be called to
play in a supportive, stabilizing role.
Other researchers have indicated that stabilization musculature can influence oxygen requirement during arm
crank exercise (27). Beyond the similarities in PWC, other findings support the conclusion that stabilizing
musculature accounted for the increased VO 2 peak at the furthest two distances from the crank axis. Indicators
of non-oxidative contributions at peak effort (i.e., VCO2 and RER) were similar across the three distances. This
suggests that non-oxidative energy production from the musculature actively contributing to the crank
movement was also not different since at PWC this musculature would be working near, at, or beyond its
oxidative potential.
The total energy required to support any given external work output is a combination of oxidative and nonoxidative energy production. If the greater VO 2 peak accomplished at the further two distances represented the
actual oxidative energy requirement of the attained PWC, then greater indicators of non-oxidative metabolism
would be expected at the shorter distance from the crank axis. Since there was no such indication of a greater
non-oxidative energy production for this shorter distance, it can be surmised that this lesser VO 2 peak amount
was ample to accomplish the work of all three positions. Justifiably, any additional oxygen utilization beyond
the VO 2 peak of the sho rter distance was likely due to energy demands from muscle mass not working near, at,
or beyond its oxidative potential. Thus, it can be inferred that the additional VO 2 demands at the furthest
distances were that of stabilizing muscles working at submaximal levels.
The implication of these findings has relevance when performing maximal upper body exercise testing in ablebodied individuals in clinical and non-clinical settings. In such populations, the two furthest distances from the
crank axis can incorporate greater muscle mass and induce greater VO 2 peak values, without increasing PWC.
However, validation of these findings is required in individuals with lower limb impairments, as the data
suggest a potential important consideration in this population during maximal upper body testing.
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CONCLUSION
The purpose of this study was to determine if variations in controlled distance from the crank axis influence
peak physiological responses and PWC during maximal ACE. Data suggests that supporting musculature
influences VO 2 peak as a function of distance from the crank axis but PWC is unaltered. We therefore conclude
that distance from the crank axis during ACE influences predictive values of aerobic capacity and should
therefore be controlled to make ACE testing more consistent and reliable in assessing aerobic fitness.
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